We describe models for the scalar sector where all interactions occur either at an ultra-high scale Λ U ∼ 10 16 − 10 19 GeV or at an intermediate scale Λ I = 10 9 − 10 11 GeV. The interaction of physics on these two scales results in an SU(2) Higgs condensate at the electroweak (EW) scale, Λ EW , through a seesaw-like Higgs mechanism, Λ EW ∼ Λ 2 I /Λ U , while the breaking of the SM SU(2)×U(1) gauge symmetry occurs at the intermediate scale Λ I . The EW scale is, therefore, not fundamental but is naturally generated in terms of ultra-high energy phenomena and so the hierarchy problem no longer exists. This class of models predict the existence of sub-eV neutrino masses which are generated through a "two-step" seesaw mechanism in terms of the same two ultrahigh scales:
Introduction
In this case, somewhat like in the SUSY case, it has been recently argued that one may be able to explain away the little fine tuning left (i.e., between M dyn and Λ EW ) by "Little Higgs" models [3] , through loops involving additional particles with TeV scale masses that cancel the SM loop graphs.
Contrary to SUSY models, in Little Higgs models these cancellations occur between particles of the same statistics.
Another interesting approach for addressing the fine tunning problem of the SM was suggested in [4] . According to [4] , the scale invariance of the classical level SM can be used to remove the explicit quadratic divergences in the higher order corrections to Higgs mass order by order in perturbation theory, without invoking any fine tunning. In this case, both the bare Higgs mass and the Higgs mass counter term can be chosen at the EW scale and so the conditions on the Higgs mass are natural.
However, SUSY and Little Higgs models as well as the scale invariance theorem do not provide a solution to the question of the origin of scales, i.e., why do we observe such a large hierarchy between the fundamental GUT or Planck scale Λ U and the EW scale Λ EW (recall that M SU SY ∼ Λ EW in the SUSY case and M dyn ∼ Λ EW in the Technicolor-like models case)? Of course, these models do give a successful resolution to the technical difficulty of explaining the simultaneous presence of the two disparate scales Λ U and Λ EW , thus solving the naturalness or fine tunning problem. In contrast, in extra dimensional scenarios such questions are muted since these theories contain only one fundamental scale and so the hierarchy between the Planck and the EW scales is simply absent. For example, in large extra dimensional models [5] the EWSB scale Λ EW is considered to be the only fundamental scale and the observed enormity of the Planck scale is a consequence of the large extra dimensions through which gravity propagates. Alternatively, in models where the four-dimensional metric is multiplied by a "warp" exponential (rapidly changing) factor of one tiny extra dimension [6] , the Planck scale is viewed as the fundamental scale and the EW mass scale is generated due to this exponential suppression factor.
In this paper we propose an alternative approach, where the only fundamental scale is the GUT or Planck scale Λ U , while the EW and neutrino mass scales both arise due to interactions between the fundamental scale Λ U and a new intermediate ultra-high scale Λ I ∼ 10 9 − 10 11 GeV, i.e., Λ EW << Λ I << Λ U . The intermediate scale is viewed as the scale of breaking of the unification group which underlies the physics at the scale Λ U . In particular, this class of models are based on the idea that the EWSB occurs at Λ I whereas the smallness of the EW mass scale is a consequence of a Λ U −Λ I seesaw-like Higgs mechanism in the scalar potential, giving Λ EW ∼ Λ 2 I /Λ U , from which the masses of all known particles are generated. In addition, these models naturally account for the existence of sub-eV neutrino masses by means of a "two-step" or "double" seesaw mechanism using the same two ultra-high scales Λ U and Λ I : the first Λ U − Λ I seesaw generates the EW scale Λ EW ∼ Λ We will consider two types of such models: "light seesaw" and "heavy seesaw" Higgs models.
In the light seesaw model the scalar spectrum will consist of several physical scalars with masses of order Λ U and one SM-like Higgs with a mass of O(Λ EW ), while the heavy seesaw model will be "Higgsless" at the EW scale since all its physical scalars obtain masses of O(Λ U ). Thus, within the heavy seesaw model, the naturalness problem is removed simply by having a supermassive SM-like Higgs boson, while maintaining the right size for its vacuum expectation value (VEV),
1 Both models will be minimally constructed in the sense that at energy scales of O(Λ I ) and below, i.e., much smaller than the fundamental scale Λ U , they contain the SM gauge symmetries and fields apart from the addition of new superheavy right handed neutrino fields. Thus, at energies of O(Λ EW ), the light seesaw model which is the minimal extension of the SM without a HP, will have the same phenomenological signatures as the "one-Higgs" SM. This implies that, at the LHC, only one SM-like Higgs state will be observed in contrast to e.g. the expectations from SUSY models in which several Higgs states should be detected. On the other hand, as will be discussed in the next section, the heavy seesaw model implies the appearance of new (possibly strong) dynamics already at the TeV scale, which may be detected at the LHC, e.g., in the form of new resonances. In addition, due to the presence of the superheavy right-handed neutrinos, both types of models will contain sub-eV neutrino masses in accord with recent measurements [8] . These neutrinos will be either Dirac or Majorana depending on the structure of the scalar potential.
We also show that such seesaw Higgs models can emanate from theories with extra spatial dimensions. However, contrary to large extra dimensions models in which the 4 + n fundamental Planck scale (n is the number of extra dimensions) is taken to be of O(Λ EW ), the seesaw Higgs mechanism requires a fundamental scale of O(Λ U ), which results in tiny compact extra dimensions of size R ∼ Λ −1 U . This somewhat resembles the "warp" extra dimension model of [6] which also requires a tiny extra dimension with a fundamental scale of order of the Planck scale. We present two "tiny extra dimensions" scenarios that can naturally explain the existence of an intermediate scale Λ I ∼ 10 9 GeV, required for triggering the seesaw Higgs mechanism. In the first, Λ I is generated by the overlap between a localized (to our 3+1 brane) and a bulk scalar field, while in the second it appears due to violation of some symmetry at a distant brane. We wish to emphasize that the seesaw Higgs models presented in this paper do not attempt to represent the complete theory but, only to parametrize its low energy dynamics and to provide schematic models that hold the key ingredients for model building of a more complete underlying seesaw Higgs model. Finally, we note that a scalar model that falls into the category of light seesaw models was also proposed by Calmet in [9] . The Calmet model is re-examined in this paper since it demon-strates the seesaw Higgs mechanism with only SU(2) scalar doublets, whereas in our light seesaw model the seesaw Higgs mechanism is based on interactions between SU(2) doublets and singlets. Moreover, the issue of neutrino masses was not addressed in [9] . It turns out that the Calmet model is complimentary to ours since it predicts Dirac neutrinos whereas our model gives rise to Majorana neutrinos. Also, the idea of a seesaw mechanism which originates from a scalar sector was applied before in the so called "top quark seesaw models", in which the EWSB is triggered by a condensation which appears due to strong topcolor gauge interactions. In these models, the right size of the top quark mass is ensured by a seesaw structure in the masses of the composite states [10] . A seesaw mechanism in the scalar sector was also applied to SUSY models as a possible solution to the µ-problem [11] .
The paper is organized as follows: in section II we describe the seesaw Higgs mechanism of the heavy and light seesaw Higgs models. In section III we discuss the generation of neutrino masses in seesaw Higgs models, in section IV we discuss the possibility of embedding seesaw Higgs models in theories with extra dimensions and in section V we summarize.
The seesaw Higgs mechanism
As mentioned above, in the class of seesaw Higgs models presented below, the EW scale Λ EW is not fundamental since its existence is triggered by physics at much higher energy scales (and therefore more fundamental). In particular, Λ EW is generated by the large splitting between the fundamental scale Λ U and an intermediate scale Λ I , such that: Let us schematically define the seesaw Higgs total Lagrangian as:
where L SM (f, G) is the usual SM's fermions and gauge-bosons kinetic terms, L S (Φ, S) contains the seesaw-like scalar potential as well as the kinetic terms for the SU(2) doublet Φ and the scalar singlets S, L Y (Φ, f ) is the SM Yukawa terms and L ν (Φ, S, ν R ) contains both Dirac and Majoranalike interactions between the scalars and the left and right-handed neutrinos (ν R ). In what follows we will consider three types of L S (Φ, S) that can give rise to a seesaw Higgs mechanism.
Heavy seesaw model
The most economic scalar model, subject to the seesaw Higgs mechanism, consists of an SU(2) scalar doublet Φ and a scalar singlet ϕ which will therefore be sterile with respect to the SM fermion and gauge fields. In particular, consider the following scalar Lagrangian
where φ is the neutral component of the SU(2) doublet Φ, V SM (Φ) is the usual SM-like potential:
and V (φ, ϕ) contains dimension-two φ − ϕ soft mixing terms:
where λ and λ i (i = 1, 2, 3) are real constants naturally of O(1) and ξ is a possible relative phase between the VEVs of ϕ and φ which may give rise to spontaneous CP-violating effects, e.g., in the neutrino sector.
The above scalar Lagrangian, in which Λ U and Λ I are the only mass scales present, is the most general one, assuming a Z 2 discrete symmetry ϕ → −ϕ and Φ → Φ which is only softly violated by the dimension-two terms φ † ϕ. Dimension-three terms, which softly violate the Z 2 symmetry, are forbidden since we assign the singlet ϕ lepton number 2 (i.e., L ϕ = 2) and assume the model to be invariant under a global U(1) Y 0 symmetry, where the conserved U(1) number is Y 0 = L/2 − 2I 3 (I 3 is weak isospin), see section 3. Another possible way to ensure the absence of both dimension-three (soft) and -four (hard) Z 2 violating terms is to assume that the model conserves an additional (continuous or discrete) "scalar-flavor" symmetry G S and that the operator φ † ϕ carries a "scalar-flavor" charge S φ † ϕ = 0, see discussion in section 4.
Note that the dimension-two soft terms in (5), in which the sterile singlet state mixes with the isospin -1/2 neutral component of the SU(2) doublet Φ, softly break local SU(2). However, as will be shown below, since the sterile singlet does not couple to any other SM field, our effective "low energy" model [described by the Lagrangian in (2)] has approximate SU(2) invariance, while maintaining an exact U(1) em . In particular, outside the scalar sector, SU(2) is exact up to one
which is the factor controlling the mixing between the sterile singlet and the neutral SU(2) component of the scalar SU(2) doublet. Since the scalar sector, is superheavy in this model (see below), it completely decouples at energy scales much smaller than the fundamental scale Λ U and so, with it, also the SU(2) breaking effects decouple until the ultra-high energy scale Λ U is reached. The above effective low energy description of the underlying fundamental physics at Λ U is compatible with the usual viewpoint of grand unified theories, but has an additional interesting ingredient which can be viewed as "spontaneous SU(2) enhancement". In particular, suppose that the underlying theory at Λ U has a higher symmetric structure and that it "looses" its symmetry spontaneously at Λ I , such that the "sub-space" containing the scalar states and the SM's light degrees of freedom [described by the Lagrangian in (2)] remains almost symmetric under SU(2) L × U(1) Y . Therefore, although there might be additional (decoupling) matter and gauge heavy degrees of freedom (associated with physics at Λ U ) which do not exhibit SU(2) L ×U(1) Y invariance, the sub-space spanned by the light and scalar degrees of freedom undergoes "spontaneous SU (2) enhancement" at Λ I and becomes essentially SU(2) L × U(1) Y invariant before EWSB.
Let us now consider the vacuum structure of the above scalar potential
where, for simplicity, we will assume CP-invariance and set ξ = 0.
positive, then the minimization of this potential yields: Since the seesaw Higgs mechanism [i.e., the seesaw induced VEV < φ > in (6)] is contained already in V (φ, ϕ), in order to avoid unnecessary analytical complications in the derivation of the scalar spectrum of this model, we will set the SM-like potential to zero, i.e., V SM (Φ) = 0, for the rest of this section. This does not effect any of the physical features of the complete model described by V SM (Φ) + V (φ, ϕ), but only allows us to give a simplified description of the model. In particular, the minimization of only V (φ, ϕ) yields:
Expanding around this vacuum, we can write the scalar fields as:
and so, after EWSB by the seesaw induced VEV of φ, the W and Z gauge-bosons acquire their masses in the usual way through the scalar kinetic term |D µ Φ| 2 in (3) and the fermions acquire their masses from the Yukawa terms.
The physical states are obtained by diagonalizing the 4x4 scalar mass matrix (which breaks down to two 2x2 blocks corresponding to the CP-even and CP-odd sectors, see also footnote 2). The CP-even physical states are (ǫ = Λ I /Λ U ):
where the corresponding masses are (up to small corrections of O(ǫ 4 ) and assuming λ 2 = 4λ 1 ):
Thus, both the physical SM-like Higgs H and the sterile singlet S become superheavy and so fine tuning is no longer needed in order to explain the absence of large corrections to M H . This result (i.e., a supermassive Higgs which has an EW-scale VEV) is particularly interesting since it implies a completely different relation between the mass and the VEV of the Higgs from the SM, in which
The pseudo scalars are:
with masses
We note that A 2 , which is mostly a ϕ , is the Goldstone boson associated with the spontaneous breakdown of the global U(1) Y 0 symmetry (Y 0 = L/2−2I 3 ) of our full Lagrangian, see next section. We will, therefore, identify A 2 as the Majoron, originally postulated in [12] , which practically decouples from the model due to its vanishingly small couplings to the gauge-bosons and matter fields.
As mentioned above, one would wonder about the effect of local SU(2) breaking at low energies in this model. Since the SU(2) singlet is sterile its interactions with the known elementary SM particles are generated only through its extremely small mixing of O(Λ (9) and (11)]. Therefore, outside the scalar sector, all SU(2) non-conserving interactions are suppressed by that factor and are unobservably small. Thus, the gauge and matter sectors will effectively respect the SM's SU(2) invariance up to an extremely high precision. Now, since all scalar (except for the Majoron which, however, also decouples from the model due to its exceedingly small interactions with the SM particles, see [12] ) have masses of O(Λ U ), the SU (2) non-conserving effects in the scalar sector may only be tested at energies of O(Λ U ). It should be kept in mind, though, that since the scalar potential in (5) is not invariant under the gauged SU(2) symmetry, the heavy seesaw model described above is non-renormalizable and therefore has a UV cutoff. Naively, this cutoff should lie near the fundamental scale Λ U . However, the superheavy SM-like Higgs mass in this model, i.e., M H ∼ O(Λ U ), implies that, at the EW scale, we essentially have a Higgsless SM-like model, since the rest of the SM degrees of freedom remain untouched. Such a model has to be confronted with both theoretical (e.g., Unitarity and triviality) and experimental (i.e., EW precision measurements) upper bounds on the Higgs mass.
As will be shown below, for this class of models to be consistent with theoretical and experimental considerations, new physics (the breakdown of perturbation theory or strongly interacting physics will also be categorized as new physics) must appear at a scale of O(1 TeV) which, therefore, becomes the true effective cutoff of our model. While there is clearly some freedom in parametrizing the TeV scale new physics, precision EW measurements can give us strong hints about its nature,
i.e., strongly or weakly interacting. In particular, as is well known (see e.g., [13] ), it turns out to be difficult if at all possible to construct a weakly interacting theory that will not contradict the precision EW measurements in the absence of a light Higgs, as we will briefly recapitulate below. Let us examine in more detail the theoretical and experimental bounds on the mass of the Higgs boson:
Unitarity
The unitarity bound is usually considered to be the strongest constraint on the Higgs mass since it provides an upper bound on M H above which the SM becomes strongly interacting or else new physics must appear at a scale Λ N P .
The breakdown of unitarity occurs in scattering processes of longitudinal gauge bosons. The amplitude for these processes, when decomposed into partial waves a J (J is the J-th partial wave), are bounded by partial wave unitarity, implying |Re(a J )| < 1/2. The most stringent constraint arises from the lowest J = 0 partial wave amplitude for the coupled-channel system involving W L and Z L [14] :
which yields M H < ∼ 780 GeV if the new physics which cures the "badly behaved" amplitude is the Higgs itself.
Without the Higgs the zeroth order amplitude grows as a J=0 → s/32πv 2 which, when bounded by 1/2, implies that either new physics must appear at Λ N P ∼ 1.2 TeV or the theory becomes strongly interacting at a near by scale. Clearly, the breakdown of perturbation theory at a scale of 1-2 TeV is not to be interpreted as an inconsistency of the theory, but rather, as the point where our conventional calculation tools are not sufficient to reliably describe the dynamics of the theory. This may be considered by itself a hint for new physics, possibly in the form of new dynamically generated bound states, that may be detected at future colliders.
Triviality
The triviality bound is based on the observation that, in a φ 4 theory, the quartic Higgs self coupling (λ) increases as a function of the momentum scale and becomes non-perturbative at some energy scale Λ L -the so called Landau pole. Therefore, for a φ 4 theory to remain perturbative at all scales, λ must be identically zero -making the φ 4 theory trivial.
In the SM, since λ = M 2 H /2v 2 EW , the Higgs self coupling λ is intimately connected to the Higgs mass for a fixed value of the Higgs VEV. Thus, the triviality bound can be formulated using the Higgs mass. For large enough Higgs masses one can neglect the contribution of the top Yukawa coupling and the gauge couplings to the renormalization group flow of λ, in which case the triviality bound can be approximated by [15] :
which gives Λ L < ∼ 2 TeV for M H ∼ 1 TeV. In the heavy seesaw Higgs model, the EW scale is generated independent of the quartic Higgs self coupling which is naturally of O(1) even though the corresponding Higgs mass is of O(Λ U ). Besides, since the scalar states in this model are superheavy, the scalar sector will be non-linearly realized, i.e., the model becomes a non-linear sigma model, and so the concept of triviality is lost.
Precision EW measurements
Precision EW measurements provide very strong bounds on the allowed range of M H under the assumption that there is no new physics beyond the SM close to the EW scale. The precision EW data constrain the Higgs mass primarily by the oblique corrections S and T [16] . Assuming no physics beyond the SM, the S and T formalism of EW data gives M H < ∼ 250 GeV with the best fitted M H ∼ 100 GeV [17] . However, this result does not survive the addition of new higher dimensional non-renormalizable operators that may parametrize the effects of new physics [18] . Of course, in general, the precision EW constraints on M H also change using specific beyond the SM scenarios [19] .
As mentioned above, within the heavy seesaw framework we expect deviations from the SM (i.e., new physics) to emerge already at around the TeV scale. In what follows, we therefore wish to give a very brief demonstration for the effects of TeV scale new physics on the Higgs mass precision bounds which will allow us to draw some conclusions regarding the nature of the new dynamics. In order to be as general as possible, we will use effective Lagrangian techniques and consider as an example two operators which can produce sizable shifts to S and T that will alter the EW precision bounds [13, 18, 20] :
where f BW and f φ are unknown coefficients whose natural size depends on the details of the underlying new physics. For a strongly interacting physics (in which case some of the fields in (15) may be composite), one expects 3 |f BW |, |f φ | ∼ 1. If on the other hand the underlying theory is weakly interacting, then |f BW |, |f φ | < ∼ 1/16π 2 if the operators in (15) are generated via loops at the high scale, or |f φ | < ∼ 1 if O φ is generated at tree-level (note that O BW cannot be generated at tree-level [22] ).
The effective operators in (15) shift the values of S and T by [13, 20] :
where α is the fine-structure constant. The Higgs contribution to S and T can be parametrized as follows [23] :
where
GeV is close to the best fitted value of M H obtained by the fit to the precision EW data.
In order to estimate the scale of the new physics [parametrized by the operators in (15) ], that can compensate the shifts to S and T caused by a heavy Higgs [as given in (17)], we will require (adjusting the signs of f BW and f φ ):
The Higgs shifts will be calculated for M H = 1 TeV, since larger values of the Higgs mass exceed the unitarity limit at which point the precision EW bound becomes meaningless and, therefore, cannot be applied to constrain the Higgs mass.
3 Although the natural size of f φ in a strongly coupled theory should be of O(16π 2 ), in order to protect the top quark Yukawa coupling from being too large, f φ ∼ O(1) is required (i.e., suppressed by 1/16π
2 over its naive value), see e.g., [13, 21] . 4 A more accurate estimate in the presence of new physics should be conducted by a new fit demanding S f it = ∆S new + ∆S H = 0 and likewise for T [18] . This goes beyond the rough estimates we are trying to get.
Using the simplified conditions in (18) with M H = 1 TeV we obtain:
Clearly, these limits seem to imply that it is unlikely that a very weakly coupled new physics (i.e., loop generated with f i ≈ 1/16π 2 ) can compensate the essential absence of a light Higgs, since the effects of such new physics will be too small unless Λ N P ∼ 100 GeV, which is already ruled out.
One is therefore left with the conclusion that the new physics must have O(1) coefficients. Such interactions can arise either through tree-level generated weakly coupled operators (in which case the operator O BW is not a good example since it cannot be tree-level generated) or if the new physics is strongly interacting. Within our seesaw Higgs mechanism framework it seems more likely that the new TeV scale physics will be strongly interacting and dynamically generated, since we expect that any new weakly coupled interactions will originate at a scale larger than Λ I and not at the TeV scale. It should be noted, however, that contrary to the conventional approach in model building of such strongly interacting scenarios, in which the TeV-scale (or smaller) composite Higgs or pseudo Goldstone bosons develop a VEV that sets the EWSB scale, in the heavy seesaw model the TeV-scale strongly interacting completion does not require these new scalar states to participate in EWSB, since EWSB occurs at the intermediate scale Λ I and the much smaller EW scale is naturally generated by means of the seesaw Higgs mechanism. In fact, such a strongly interacting sector has a close analogy to QCD, which only determines the spectrum and dynamics of the various bound states but has nothing to do with the mass generation of the fundamental degrees of freedom. Note also that |f BW |, |f φ | ∼ 1 really means that −1 < ∼ f BW , f φ < ∼ 1 is allowed. Moreover, the scale Λ N P of any new physics obtained by using such arguments can only serve as a guide, since the new particle spectrum and possible new resonances (in the strong coupling case) can easily have masses of the order of say Λ N P /3. Besides, there may be additional operators that can contribute to S and T and, therefore, can lower the upper bounds given in (19) . Clearly then, the above estimate on the scale of the new physics implied from the precision EW data are consistent with the unitarity requirement for the scale of new physics Λ N P ∼ 1.2. We, therefore, conclude that the heavy seesaw model, supplemented by multi-TeV scale strong dynamics, is not inconsistent with the existing EW precision measurements.
Light seesaw Higgs models
Consider the following scalar Lagrangian:
where Φ is an SU(2) doublet and ϕ, χ are "sterile" SU(2) singlets which do not interact with the SM fields. A scalar potential containing the two singlets and one doublet in (20) and subject to a seesaw Higgs mechanism can be constructed as follows:
where, we have assumed a massless SU(2) doublet field Φ, one massless singlet field χ and one superheavy singlet field ϕ. Here also, all λ i are positive real constants, naturally of O(1), and ξ is a possible relative phase between the VEVs of ϕ and χ.
This potential gives rise to the desired seesaw condensate of Φ by "coupling" it [through the term λ 1 (|Φ| 2 − |χ| 2 ) 2 ] to the seesaw induced VEV of the singlet field χ.
In particular, the minimization of V (Φ, ϕ, χ) (setting ξ = 0) which only contains terms at energy scales Λ U and Λ I leads to:
where < Φ >= v EW is the condensate required for EWSB. After EWSB (by < Φ >= v EW ) the W and Z gauge-bosons acquire their masses in the usual way by "eating" the nonphysical charged and neutral Goldstone fields of the SU(2) doublet. We are then left with three CP-even and two CP-odd physical neutral scalar states. Expanding around the vacuum, using (22) with v EW =< Φ >=< χ > and v ϕ =< ϕ >, we can write:
Then, diagonalizing the scalar mass matrix we obtain the physical states which are (up to corrections smaller than or of O(ǫ 2 ), see also footnote 2):
with masses (up to small corrections of O(ǫ 4 )):
Thus, the SM-like Higgs, H, acquires a mass of order Λ EW while the two CP-even physical singlets S 1 and S 2 become superheavy, i.e., with masses of the order of the fundamental scale Λ U . Also, there is one superheavy axial singlet A 1 , and a massless axial state A 2 which is the Majoron associated with the spontaneous breakdown of Lepton number which is conserved in the light seesaw total Lagrangian if L ϕ = L χ = 2, see next section. Thus, at energies of O(Λ EW ), the light seesaw model reproduces the one-light-Higgs SM.
An alternative approach that falls into the category of light seesaw Higgs models was suggested by Calmet in [9] . Calmet's model is simply a two Higgs doublet model with a seesaw Higgs mass matrix embedded in the scalar potential:
where, one assumes a massless 5 doublet Φ 1 and a superheavy second doublet Φ 2 , with a mixing interaction term proportional to the intermediate high scale Λ I . Minimizing the Calmet's potential in (26) one finds:
Thus, here also the EWSB is triggered by the Λ U − Λ I seesaw induced VEV of the light SU (2) doublet v EW =< Φ 1 >, while the second supermassive doublet acquires a tiny -"double seesawed" -VEV, < Φ 2 >∼ O(ǫ 2 v EW ), which, as will be shown in the next section, may be responsible for generating the sub-eV neutrino mass scale. Like any other two Higgs doublets model, after EWSB the physical scalar spectrum of the Calmet model consists of three neutral scalars (two CP-even and one CP-odd) and two charged Higgs states. In particular, one light CP-even SM-like Higgs h 
Neutrino masses
Introducing right handed neutrinos, the neutrino-scalar Yukawa Lagrangian in the heavy and light seesaw Higgs models takes the form:
where ℓ L is the left handed SU(2) lepton doublet, ν R is the right handed neutrino field and Φ and ϕ are SU (2) 
which, upon diagonalization (i.e., the classic seesaw mechanism) gives two Majorana neutrino physical states: a superheavy state ν h with a mass m ν h ∼ Y M Λ U and a superlight state ν ℓ with a mass:
Thus, in these models the neutrino mass scale is subject to a two-step seesaw mechanism, the first (in the scalar sector) generates the Dirac neutrino mass m be useful for leptogenesis and for generating the observed baryon asymmetry through the lepton asymmetry which is triggered by the heavy neutrino decays [24] .
These two seesaw models contain a Majoron which is the massless Goldstone boson (i.e., the axial component of the singlet field ϕ) associated with the spontaneous breaking of a global U (1) number [12] . In particular, within the light seesaw framework, the model defined by the total Lagrangian in (2) with the neutrino Yukawa terms in (28) conserves lepton number L if both singlets ϕ and χ carries lepton number 2, i.e., L ϕ = L χ = 2. Thus, when ϕ and χ form their condensates, lepton number is spontaneously broken and the associated Majoron is A 2 [see (23)- (25) ]. Similarly, in the heavy seesaw Higgs model, it is easy to verify that if we again assign the singlet a lepton number 2 (i.e., L ϕ = 2), then the conserved U(1) number is Y 0 = L/2 + 2I 3 , which is replacing the separate L and I 3 conservation of the SM. Here also, the global U(1) number Y 0 is spontaneously broken by the VEV of ϕ, leaving the corresponding axial field as the associated Majoron. The massless Majoron in these models is phenomenologically acceptable since it will escape detection (i.e., will decouple from these models) due to its extremely suppressed couplings to the matter and gauge fields [12] .
In the Calmet model the neutrinos will acquire only Dirac masses through interactions of the superheavy SU(2) doublet Φ 2 with the neutrinos, i.e.,
In this model the "double-seesaw" mechanism required for generating the sub-eV neutrino masses is operational already in the scalar sector. That is, when Φ 2 forms its "double-seesawed" superlight condensate (27) ] the neutrino acquires a Dirac mass of that order:
In particular, if Note also that, in the Calmet model, a Dirac type neutrino mass of the order of Λ EW would be generated if the light Higgs doublet Φ 1 is also coupled to the right handed neutrinos via Y D ℓ L Φ 1 ν R . Therefore, in order to protect the sub-eV neutrino mass scale one has to assume that such ℓ L Φ 1 ν R interactions are absent.
Seesaw Higgs mechanism from tiny extra dimensions
The idea that the enormous hierarchy between the two seemingly disparate EW and Planck scales may result from the existence of compact extra spatial dimensions (CED) [5] has gained intense interest in the past years, due to its novel approach. In particular, according to the viewpoint taken in [5] , the EW scale is the only fundamental scale in nature and the effective large fourdimensional Planck scale (i.e., the weakness of gravity) is a result of the large size of the CED (the bulk), through which gravity propagates:
where R is the typical radius of the CED, n is the number of CED, M P l ∼ 10 19 GeV is the four-dimensional reduced Planck mass and M ⋆ is the fundamental (4 + n) Planck scale. Putting M ⋆ = Λ EW in (32) implies that R is in the sub-mm range.
In contrast to [5] , let us suppose that the (4 + n) fundamental Planck scale is close to the GUT scale, i.e., M ⋆ ∼ 10 16 GeV >> Λ EW (note that this is similar to the view taken in the "warp" extra-dimension scenario [6] ). In this case, the typical size of the bulk CED where gravity propagates is extremely small R(M ⋆ ∼ 10 16 GeV) = 10 4 n −17 fm, and so, present and future searches for deviations from Newtonian gravity are clearly hopeless.
Although such a "tiny" extra dimensions (TED) scenario may seem phenomenology unattractive, it turns out that in the context of our seesaw Higgs models, the seesaw induced EW scale is naturally obtained if indeed the CED are tiny and the fundamental scale is Λ U = M ⋆ ∼ 10 16 GeV.
In what follows we will consider two different mechanisms, based on models with TED, that can generate the desired intermediate scale Λ I ∼ 10 9 GeV on our brane, which then triggers the seesaw Higgs mechanism (when the fundamental scale is taken to be the GUT scale). We will denote by x µ (µ = 0 − 3) the usual non-compact dimensions of our brane and by y i (i = 1 − n) the coordinates of the CED such that our brane is localized at y i = 0. The size (thickness) of our brane will be denoted by σ and the n-dimensional transverse volume of the bulk will be denoted by V n ∼ M −n ⋆ .
Heavy seesaw model from overlapping wave functions
The overlap between localized and bulk fields, arising from the small extent of our brane in the n transverse dimensions, may give rise to a considerable suppression (i.e., volume suppression) of bulk couplings when viewed from our 4-dimensional world, see e.g., [25] . In particular, letφ be a singlet scalar field which propagates freely in the bulk and letΦ be an SU(2) scalar doublet field confined to our brane. We will assume that bothφ andφ (i.e., the neutral component ofΦ) are in their ground states with respect to the Kaluza-Klein excitations and that < q i >= 0, where q i is the momenta in the CED, thus defining:
whereÑ ϕ ,Ñ φ are the 4 + n dimensional normalization factors.
The corresponding effective fields in the non-compact dimensions (i.e., x µ of our brane) are then related to the bulk fields in (33) by their values at the center of our brane (at y i = 0):
where N ϕ , N φ are the 4-dimensional normalization factors.
Using i 2
S † ↔
∂ 0 S dx i for normalization of Klein-Gordon fields, 7 where S is a generic scalar field and x i are all spatial dimensions, we find:
Consider now a generic term in the bulk potential:
V (φ wφz ) =λ wzφ wφz . 
